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Abstract
To search for dust-obscured star-formation activity in the early Universe, it is essential to
obtain a deep and wide submillimeter/millimeter map. The advent of the Atacama Large
Millimeter/submillimeter Array (ALMA) has enabled us to obtain such maps at sufficiently high
spatial resolution to be free from source confusion. We present a new 1.1mm map obtained
by ALMA in the SSA22 field. SSA22 contains a remarkable proto-cluster at z = 3.09 and is
therefore an ideal region to investigate the role of large-scale cosmic web on dust-obscured
star formation. The typical 1σ depth of our map is 73 µJy beam−1 at a 0′′.5 resolution; com-
bined with earlier, archived observations, we map an area of 20 arcmin2 (71 comoving Mpc2 at
z = 3.09). Within the combined survey area we have detected 35 sources at a signal-to-noise
ratio (S/N) > 5, with flux densities, S1.1mm =0.43–5.6 mJy, equivalent to star-formation rates of
>
∼
100–1000 M⊙ yr
−1 at z = 3.09, for a Chabrier initial mass function; of these, 17 are new de-
tections. The cumulative number counts show a factor 3–5× excess compared to blank fields.
The excess suggests enhanced dust-enshrouded star-formation activity in the proto-cluster on
a 10 comoving Mpc scale, indicating accelerated galaxy evolution in this overdense region.
c© 2018. Astronomical Society of Japan.
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1 Introduction
One of the major goals of modern astronomy is to uncover ob-
scured star formation across cosmic time and thus to under-
stand the complete cosmic history of star formation. While
star-forming galaxies intrinsically radiate their stellar emission
at rest-frame ultraviolet (UV) to optical wavelengths, the bulk
of this emission is absorbed and re-radiated in the infrared (IR)
since star formation is usually accompanied by a significant
amount of dust. In addition to conventional UV to optical obser-
vations, we therefore also require observations at far-IR (FIR)
to submillimeter/millimeter (submm/mm) wavelengths, which
then allows us to trace rest-frame FIR emission from galaxies at
all redshifts, essential for a complete understanding of cosmic
star-formation history.
A distant galaxy population – bright at submm wavelengths
and showing high dust-obscured star-formation rates (SFRs),
the so-called submillimeter galaxies (SMGs) or dusty star-
forming galaxies (DSFGs) – was discovered about twenty
years ago (e.g. Smail et al. 1997; Hughes et al. 1998;
Ivison et al. 1998). More recently, wide-area surveys at
(sub)millimeter wavelengths, obtained with ground-based facil-
ities, e.g. SCUBA (Holland et al. 1999) and SCUBA-2 (Holland
et al. 2013) on the James Clerk Maxwell Telescope, and AzTEC
(Wilson et al. 2008) on the Atacama Submillimeter Telescope
Experiment (ASTE; Ezawa et al. 2004; 2008), or using SPIRE
(Griffin et al. 2010) on the Herschel Space Observatory (Pilbratt
et al. 2010), have discovered an enormous number of such
galaxies – for a recent review, see Casey et al. (2014). It was
discovered that dust-obscured star formation dominates the to-
tal SFR budget at earlier times (at least at z <∼ 3–4) while it
makes a smaller contribution in the present-day Universe (e.g.
Madau & Dickinson 2014).
Although these wide-area surveys pioneered a new regime
of submm/mm astronomy, they suffered from a severe prob-
lem: the poor angular resolution of single-dish surveys (typ-
ically 15′′ ∼ 30′′) limited sensitivity due to source confusion
(e.g. Blain et al. 1998; Nguyen et al. 2010). In order to obtain
an accurate picture of obscured star formation and compare with
the views probed by optical and near-IR (NIR) surveys, wide
and deep submm/mmmapping – free from source confusion – is
essential. The Atacama Large Millimeter/submillimeter Array
(ALMA) has delivered a revolution in this regard, providing the
capability to map the sky at (sub-)arcsec resolution. There are
already several such ‘ALMA deep surveys’ covering contiguous
regions of several arcmin2 (e.g. Hatsukade et al. 2016; Walter
et al. 2016; Umehata et al. 2017a; Dunlop et al. 2017; Mun˜oz
Arancibia et al. 2017). These surveys are beginning to link the
obscured/unobscured views of galaxies below the the sensitivity
limits of single-dish surveys, though the area and depth of the
current ALMA surveys are still very limited.
An important aspect in uncovering dusty star-formation ac-
tivity is the role of large-scale environment. A number of works
– based on single-dish surveys – have claimed a correlation be-
tween SMGs and a high density of galaxies in the early Universe
(e.g. Stevens et al. 2003; Tamura et al. 2009; Daddi et al. 2009;
Capak et al. 2011; Umehata et al. 2014; Dannerbauer et al.
2014), which may correspond to an ancient starburst phase ex-
perienced by massive galaxies in proto-clusters – the massive el-
lipticals we see in clusters at low redshift (e.g. Eales et al. 1999;
De Lucia et al. 2006). It has also been reported that star-forming
galaxies in proto-clusters at z=2–2.5 tend to be more massive
than galaxies in field environments at similar redshifts (e.g.
Steidel et al. 2005; Koyama et al. 2013), which suggests prefer-
ential dust enrichment in proto-clusters together with a trend for
massive star-forming galaxies to show high dust-obscured SFRs
(e.g. Dunlop et al. 2017). Thus, unveiling the relationship be-
tween dust-obscured star formation and underlying large-scale
structures is one of important goals of ALMA deep surveys.
A first attempt to undertake a wide field mm survey with
ALMA towards a proto-cluster was published by Umehata et al.
(2015) and Umehata et al. (2017a). In these papers, we reported
a 7 arcmin2 ALMA survey at 1.1mm in the z = 3.1 SSA22
proto-cluster field, which shows highly elevated dust-obscured
star-formation activity. In this paper, we present new ALMA
observations which significantly expand the contiguous survey
area in the SSA22 proto-cluster field to a total of 20 arcmin2,
mapping the obscured activity in the proto-cluster across a wide
field. This paper is structured as follows: the survey design, ob-
servations and data reduction are described in § 2; we present
the source extraction procedures and final source catalog in § 3;
we derive source number counts and show the improvement
achieved by ALMA compared to a single-dish survey in § 4.
Finally, we summarize our paper in § 5. Throughout, we adopt a
cosmology with Ωm=0.3, ΩA=0.7, and H0 = 70 km s
−1 Mpc−1.
This gives us a physical scale of 7.6 kpc arcsec−1 at z = 3.09.
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Fig. 1. The fields of the ALMA mosaics (“ALMA Deep Field in SSA22” or
“ADF22”) on the projected z = 3.09 LAE surface number density map in
SSA22 from Hayashino et al. (2004). The cyan/blue contours show the area
we mapped with ALMA in Cycle 2 (“ADF22A”, Umehata et al. 2017a) and
Cycle 4 (“ADF22B”, this work) corresponding to the 30% sensitivity limit of
each final mosaic map, respectively. In total, a 20 arcmin2 contiguous region
has been observed by ALMA towards the proto-cluster core.
2 Observation and Data Reduction
2.1 Survey Design
The remarkable z = 3.09 proto-cluster in SSA22 was discov-
ered originally as a large over-density of Lyman-break galaxies
(LBGs) and Lyα emitters (LAEs) (Steidel et al. 1998; 2000).
As shown in Fig. 1, Hayashino et al. (2004) and Matsuda et al.
(2005) further confirmed a filamentary large-scale structure of
LAEs in two/three dimensions – on a 50 comoving Mpc scale –
on the basis of optical narrow-band imaging and spectroscopy,
which makes the field an outstanding and unique laboratory to
investigate galaxy formation and evolution within a dense cos-
mic structure in the early Universe.
As reported in Umehata et al. (2017a) (see also Umehata
et al. 2015 and Hayatsu et al. 2017), we previously observed a
≈ 2′ × 3′ region at 1.1mm in SSA22 during ALMA Cycle 2.
As shown in Fig. 1, the region was selected because it cor-
responds to the intersection of the three-dimensional structure
traced by LAEs. Through our new ALMA Cycle 4 project (#
2016.1.00580.S, PI. Umehata), we have expanded the 1.1mm
map (“ALMA Deep Field in SSA22” or “ADF22”) westward,
as shown in Fig. 1, adjacent to the previous survey area. We
call the two fields observed in Cycles 2 and 4, ADF22A and
ADF22B, respectively. Hereafter we use the term ADF22 to
represent the total coverage of the two projects1 .
The primary aim of our expanded survey is to cover a much
wider area – about a 3× increase compared to ADF22A (see
§ 3.3) – giving us better statistics on the relationship between a
larger cosmic structure and the individually detected SMGs in
1 The survey area, ADF22A, therefore corresponds to the “ADF22” area we
denoted in our previous papers (Umehata et al. 2015; 2017a; Hayatsu et al.
2017)
the proto-cluster. Additionally, the new coverage of ADF22B
can trace the level of dust-obscured star-formation activity in
different parts of the proto-cluster, as compared with ADF22A.
As shown in Fig. 1, ADF22B encompasses the ‘projected’
densest peak of LAEs, traced by LAEs whose redshift distri-
bution shows two slightly different spikes (zLyα ≈ 3.06 and
zLyα ≈ 3.10) (Fig. 1 in Matsuda et al. 2005, see also Topping
et al. 2016). By combining the two projects we are therefore
able to obtain a 1.1mm map not only at the exact intersection
of the 3D structure but also covering the filaments of the cos-
mic large-scale structure (or ‘cosmic web’). The 1 mm map is
expected to be also an essential foundation for a complete spec-
troscopic survey of SMGs, using ALMA to detect their spectral
lines.
SSA22 is also covered by a rich array of multi-wavelength
imaging datasets of this field, including Chandra ACIS (Lehmer
et al. 2009a; 2009b), Subaru/Suprime-Cam (Hayashino et al.
2004), Subaru/MOIRCS (Uchimoto et al. 2012), Spitzer/IRAC
and MIPS (Webb et al. 2009), Herschel/SPIRE (Kato et al.
2016), the 870 µm ALMA pointings (Alexander et al. 2016),
JVLA (Chapman et al. 2004; Ao et al. 2017), and optical/NIR
spectroscopic catalogs (e.g. Steidel et al. 1998; Nestor et al.
2013; Erb et al. 2014; Saez et al. 2015; Kubo et al. 2015;
2016). The combination of these rich ancillary datasets make
the ADF22 region exceedingly rare and valuable.
2.2 Observations
We split our target field, an around 4′ × 3′ region (Fig. 1),
into three sub-regions (Tile a, Tile b, and Tile c) due to a
limit on the maximum number of pointing for ALMA mo-
saic observations allowed by the observatory (i.e. 150 pointings
at most). The central coordinates of the three tiles are (α,δ)
= (22h17m27.4s, +00◦17′00′′), (22h17m22.0s, +00◦17′00′′),
(22h17m16.7s, +00◦17′00′′) for Tile a, Tile b, and Tile c, re-
spectively. Each tile was designed to have a 133-point mosaic
with Nyquist sampled spacings. Consequently the observations
of ADF22B were divided into nine execution blocks (EBs).
Each observation was executed on 2017 July 8–12 with 42–43
available 12m antennas in the C40-5 configuration. All EBs
were carried out with a same array configuration and therefore
we achieved a uniform synthesized beam size across the whole
ADF22B field, though the maximum baseline, 2.6 km, was
much longer than we originally requested. The weather con-
ditions were excellent or good (precipitable water vapor (PWV)
of 0.3–1.0 mm). The exposure time per pointing was 1 min so
that the total amount of on-source time was 399 min. The total
observation time including overheads was 11.3 hours.
The central observing frequency of 263 GHz (1.14 mm) was
selected to be very close to that of our previous AzTEC/ASTE
survey, 270 GHz, allowing us to compare the flux densities of
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Fig. 2. ALMA 1.1mm map of ADF22. The western side shows the ADF22B map and the inner white rectangle shows a 4′×3′ region. Gray contours show the
map area where the primary beam attenuation is less than 30%, where source extraction was performed. The white circles show the detected ALMA sources
with labels for each source ID (details are described in §3). For reference, the 1′′-tapered ADF22A map and source positions (Umehata et al. 2017a) are also
showcased on the eastern side in a similar manner (the inner rectangle shows a 2′× 3′ region). In total, a contiguous 20 arcmin2 region is covered by ALMA.
Note that although the two maps are combined here for convenience of display, all analyses were done separately using each map.
sources between the two maps (we will discuss this in § 4.3).
We used the TDM correlator mode. The central frequencies of
the four spectral windows were 254.0, 256.0, 270.0 and 272.0
GHz, respectively. The correlator was set up to target each
spectral window of 1.875 GHz bandwidth at 15.6 MHz (∼ 20
km s−1) channel spacing in each sideband, each with 128 dual-
polarization channels. Another advantage of this frequency set-
up is the coverage it provides of the redshifted 12CO(9–8) line
(νrest =1036.912 GHz) at z∼ 3.09, which was demonstrated by
the detection of one proto-cluster SMG in ADF22A (Hayatsu
et al. 2017). We note that the frequency set-ups are exactly the
same as those in ADF22A, which allows us to combine the two
datasets relatively easily.
The quasar, J2226+0052, was observed regularly for ampli-
tude and phase calibration. The absolute flux density scale was
set using the quasar, J2226+0052. The bandpass calibration was
performed using J2148+0657. The absolute flux density accu-
racy is evaluated to be within 10%. This uncertainty in the ab-
solute flux density calibration is not included in the following
analyses and discussions.
2.3 Data Reduction
Data reduction was performed using the Common Astronomy
Software Application (CASA). The calibration process was
carried out using the CASA version of the ALMA pipeline
(Pipeline-Cycle4-R2-B) for each tile. A continuum map of
ADF22B was created from the calibrated data using the task
TCLEAN with the CASA version 5.1.1. The uv data for each
pointing for all the three tiles was first combined into a sin-
gle uv dataset. To enhance the speed of the imaging process,
the data were averaged in time with a sampling of 10.296 s.
We then Fourier-transformed the combined data to create a sin-
gle “dirty” map with natural weighting to achieve the maximum
possible sensitivity, by setting the gridder mode to “mosaic” and
the deconvolver to “hogbom”. Without any taper, the resultant
size of the synthesized beam is 0.26′′ × 0.20′′ (P.A. −59 deg).
As we mentioned earlier, this angular resolution was higher than
we had requested (≈ 0.5′′ − 1.5′′), hence we applied a taper to
achieve an angular resolution closer to our request, so as not
to resolve any sources significantly, though such a procedure
forces us to lose some point-source sensitivity. As a compro-
mise, we adopted the taper parameter, “uvtaper = 0.5 arcsec”.
After we measured the r.m.s. noise level across the whole dirty
map, we repeated the clean process down to 3σ, putting a tight
clean box around each 5σ source. The resulting synthesized
beam size is 0.53′′ × 0.52′′ (P.A. −54 deg). The typical 1σ
depth measured over a large central area of the map is 73 µJy
beam−1. The final maps are shown in Fig. 2. The survey area
where attenuation of the primary beam is less than 30% is 13
arcmin2.
Considering the fact that our ADF22 survey is composed of
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Fig. 3. (top) Completeness and the input/output flux density ratio as a func-
tion of signal-to-noise ratio (SNR), both of which are measured through a se-
ries of simulations to inject and extract mock sources (for detail, see §3.2).
The upper axis shows the corresponding peak flux densities, assuming a typ-
ical r.m.s. level, 1σ = 73µJy. Completeness goes down as SNR decreases
at SNR< 6, and reaches ∼55% at SNR=5. The cumulative completeness
above SNR is ∼92%, which suggests that one or two real sources may be
missed. The input/output flux density ratio indicates that the measured flux
density of 5σ sources might be over-estimated (by ≈20%, on average) due
to flux boosting. (bottom) Cumulative number of positive and negative peaks
as a function of SNR for the ADF22B map. The solid vertical line shows
our adopted detection limit (5σ). There is just one negative peak above 5σ,
indicating a false positive rate of <∼ 5%. The dash-dot line shows the thresh-
old for a source candidate which is classified into a supplementary catalog
(4.5σ).
two fields, ADF22A and ADF22B, one concern here is the ho-
mogeneity of the two maps. As we showed in Umehata et al.
(2017a), ADF22A has typical noise levels of 75 µJy beam−1
and 60 µJy beam−1 at resolutions of 1 ′′ and 0.7 ′′, respectively,
though the latter map covers only about 80% of ADF22A.
Therefore in general the two fields have comparable qualities,
and almost uniform sensitivity is provided across a 20 arcmin2
sky area toward the z = 3.09 proto-cluster. This is the largest
contiguous ALMA map in a known proto-cluster field so far.
We note that our intrinsic angular resolutions are not exactly
uniform across ADF22 and hence sensitivity to relatively ex-
tended sources may not be homogeneous.
3 Source Catalog
3.1 Source Extraction
Source extraction procedures for the ADF22B map were per-
formed using the source-finding algorithm, AEGEAN v2.0b191
(Hancock et al. 2012) as was the case with our previous survey
(Umehata et al. 2017a). First a sensitivity map was constructed
using the AEGEAN task BANE, calculating the standard devia-
tion for a pixel using the surrounding 100× 100 pixels (since
each pixel is 0.1′′ × 0.1′′ in size, a 10.0′′ × 10.0′′ region was
considered for each) on an image prior to the correction of pri-
mary beam response. During the calculation, we applied 3σ
clipping, so as not to be affected by bright sources. The back-
ground fluctuation on larger scales was also estimated by BANE.
The sensitivity and background maps allowed us to calculate
a signal-to-noise (S/N) map which is used for source detection.
Using AEGEAN, we extracted both positive and negative peaks
above S/N=4. The cumulative number counts of positive and
negative peaks as a function of signal-to-noise ratio (SNR) is
shown in the bottom panel of Fig. 3. Consequently 17 sources
are found above S/N=5. Since the number of negative peaks
above the equivalent threshold is just one, we adopt these 17
sources as secure detections. Although there are further candi-
dates at SNR< 5, the increasing number of negative detections
gives us a warning that these candidates with moderate SNR
may be heavily contaminated by false detections. We list nine
sources with SNR = 4.5–5 in a supplementary catalog. There
is an equivalent or larger number of negative detections in this
SNR range and therefore we do not use them in following dis-
cussion. A much deeper mm map is required to extract fainter
sources securely.
3.2 Completeness and flux boosting
A suite of simulations was executed to evaluate the complete-
ness and flux boosting effect on the flux density measurements,
following the recipe described in Hatsukade et al. (2016) and
B. Hatsukade et al. (2018, in preparation). In the simula-
tion, mock sources are created, assumed a symmetric two-
dimensional Gaussian profile with a range of FWHM (0.1′′–
0.5′′ , in steps of 0′′.1) and SNR (3.0–10.0, in steps of 0.25). The
mock sources are injected into the image map prior to primary
beam correction, 1000 times for each SNR bin. The input posi-
tion is randomly selected, avoiding any 5σ sources, and source
extraction was again performed using AEGEAN, as described in
§ 3.1.
The completeness was calculated as the recovery rate of the
injected mock sources. A source is recognized to be recovered
if it is detected with a certain level of significance (> 4σ) at a
position close to the originally injected mock source (< 1.0′′).
The upper panel of Fig. 3 shows the completeness as a function
of the intrinsic SNR of mock sources. Completeness is below
90% at SNR<∼6 and reduces as SNR decreases. At SNR=5,
which is the detection threshold, the completeness is estimated
to be ∼55%. The integrated completeness for the 17 sources is
≈92%, considering the SNR distribution (Table 1). This indi-
cates that 1–2 relatively faint sources would be missed due to
random noise fluctuations at our adopted SNR threshold. We
correct for this effect when calculating source number counts in
§ 4.1.
It is known that the flux densities of sources in a signal-to-
6 Publications of the Astronomical Society of Japan, (2018), Vol. 00, No. 0
noise-limited catalog tend to be boosted due to random noise
fluctuations and the shape of the source count distribution (e.g.
Hogg & Turner 1998). To test the flux boosting effect, we ex-
amined the ratio of two flux densities for each source; the value
which is intrinsically given in creating a mock source and the
measurement on the image. Sources with SNR∼5 may suffer
from ≈20% artificial increase of flux density due to this effect
(the top panel of Fig. 3). We correct this effect in calculating
source number counts (§ 4.1). This effect is not considered in
cataloging (§ 3.3) since one-to-one correspondence is not clear
and dispersion is large. But this result provides a caveat on the
flux density measured with relatively low SNR.
3.3 Measurement of Source Properties
For sources selected by AEGEAN, we performed two-
dimensional Gaussian fitting using the IMFIT task of CASA on
the map that was applied for the correction of the primary beam
response (Fig. 2). The measured properties of ADF22B sources
are summarized in Table 1, together with those of ADF22A
sources (Umehata et al. 2017a). After combining the two fields,
ADF22A and ADF22B, the main source catalog consists of
19 sources with SNR>10 and 16 sources with SNR=5–10.
The projected, surface number density of a 5σ ALMA source
is ρ ∼ 1.8 arcmin−2, which surpasses those of other exiting
ALMA deep surveys (e.g., ρ ∼ 1.1 arcmin−2 in Dunlop et al.
2017, see also Hatsukade et al. 2016; Aravena et al. 2016;
Mun˜oz Arancibia et al. 2017) , though it depends on various
parameters such as sensitivity, angular resolution, and observed
wavelengths. In § 4.1, we will make a comparison between
our proto-cluster survey and blank-field searches, using source
number counts. An additional 21 sources with SNR∼4–5 com-
prise a supplementary source catalog in Appendix (Table 3),
though they are not considered in what follows. We also list
available zspec in Table 1 (Umehata et al. 2017a and references
therein; H. Umehata et al., in preparation). We also note that all
of the SMGs do not overlap with known LAEs/LBGs at z=3.09
(Steidel et al. 2003; Yamada et al. 2012) except for one QSO
(ADF22A.9) and another X-ray AGN host (ADF22A.6).
The 35 ALMA sources have flux densities, S1.1mm =0.43–
5.60 mJy, 19 of which have S1.1mm > 1 mJy. Around 40% of
them represent the ‘sub-mJy’ population in the 1.1mm regime.
The flux densities provide rough estimates of IR luminosity
using a template set of spectral energy distribution (SED) for
ALMA-identified SMGs (Danielson et al. 2017). The range
of the flux densities corresponds to the median IR luminos-
ity, LIR[8−1000µm] = 0.8
+0.2
−0.3 × 10
12 – 1.0+0.3−0.4 × 10
13L⊙ (or
SFRIR = 80
+30
−40 – 1040
+340
−460 M⊙ yr
−1 for a Chabrier IMF;
Chabrier 2003) at z = 3.09. This primitive estimate suggests
that the ALMA sources found in ADF22 are dominated by
‘ULIRGs’, while our ALMA observations are beginning to un-
cover ‘LIRGs’ at high redshift to a certain degree. Hereafter we
call these individual ALMA sources SMGs in this paper.
Source sizes are also measured through two-dimensional
Gaussian fitting with CASA/IMFIT. The measured parameters
of deconvolved beam size, the major/minor axis and position
angle, are also stored for SMGs with SNR> 10 in Table 1.
For ADF22B SMGs, we utilize the non-tapered map to make
use of the original, higher angular resolution. Consequently all
of the bright ADF22B SMGs are resolved on the map. The
median deconvolved major axis is 0.27+0.05−0.12 arcsec (equivalent
to 2.1+0.4−0.9 physical kpc at z = 3.09), where the errors were
calculated as a a 95% bootstrap confidence interval. This es-
timate is consistent with that of ADF22A SMGs (0.32+0.13−0.06
arcsec; Umehata et al. 2017a), which were measured on the
ADF22A map (the synthesized beam is 0.70′′ × 0.59′′). These
measurements for ADF22 SMGs are on average comparable to
previous work for ALMA-identified SMGs originally discov-
ered by single-dish telescopes (e.g. 0.30±0.04 arcsec; Simpson
et al. 2015b, see also Ikarashi et al. 2015; Hodge et al. 2016).
Considering the fact that the majority of ADF22A sources were
at zspec ≈ 3.09 (Umehata et al. 2017a), as in the case of two
ADF22B SMGs, the source size measurement implies no strong
environmental dependence on the size of a dusty starburst core
at the current resolution and sensitivity, as claimed in Umehata
et al. (2017a).
4 Discussion
4.1 Number Counts
Source number counts have been widely used to describe the
nature of the galaxy population discovered by submm/mm sur-
veys (e.g. Blain et al. 1999; Coppin et al. 2006; Scott et al.
2012; Hatsukade et al. 2013; Geach et al. 2017). Recent work
using ALMA has improved the picture thanks to the advan-
tages of its sensitivity and angular resolution. As predicted by
identification work using radio interferometry (e.g. Ivison et al.
2007), ALMA follow-up studies of bright single-dish-selected
submm/mm sources suggest that multiple SMGs are often en-
compassed within a relatively large beam of the single-dish sur-
veys and the number counts need to be corrected for this ef-
fect (e.g. Karim et al. 2013; Hodge et al. 2013; Simpson et al.
2015a)2. Deep surveys with ALMA have uncovered the fainter
regime (S1.1mm <∼ 1mJy, e.g. Aravena et al. 2016; Dunlop et al.
2017) and some work argues that such faint submm/mm galax-
ies detected by ALMA individually can account for the major-
ity or all of far-IR extragalactic background light (EBL, e.g.
Hatsukade et al. 2016).
The galaxy density environment, which represents the cos-
2 In this paper, we use the term “SMGs” only for individual submm/mm galax-
ies identified by an interferometer such as ALMA. Sources selected by
single-dish telescopes are instead termed “submm sources”.
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Table 1. ADF22 Source Catalog
(1) (2) (3) (4) (5) (6) (7) (8)
ID R.A. Dec. S/N S1.14mm Deconvolved beam P.A. zspec
(J2000) (J2000) [mJy] [arcsec×arcsec] [deg]
ADF22B Main source catalog
ADF22B.1 22:17:18.66 +00:18:02.6 25.5 2.18 ± 0.13 (0.12 ± 0.02) × (0.07 ± 0.06) 29 ± 45 3.067
ADF22B.2 22:17:18.80 +00:18:097 24.8 2.20 ± 0.09 (0.31 ± 0.03) × (0.17 ± 0.03) 178 ± 9 ...
ADF22B.3 22:17:17.82 +00:17:49.6 16.2 1.38 ± 0.09 (0.24 ± 0.04) × (0.12 ± 0.08) 12 ± 19 ...
ADF22B.4 22:17:24.23 +00:16:47.6 15.5 1.45 ± 0.11 (0.19 ± 0.03) × (0.15 ± 0.03) 119 ± 67 ...
ADF22B.5§ 22:17:16.15 +00:17:46.5 14.5 1.61 ± 0.12 (0.29 ± 0.06) × (0.25 ± 0.06) 138 ± 75 ...
ADF22B.6 22:17:22.25 +00:17:02.6 14.3 1.13 ± 0.05 (0.15 ± 0.05) × (0.14 ± 0.06) 105 ± 79 ...
ADF22B.7 22:17:16.29 +00:17:00.8 13.8 1.04 ± 0.10 (0.14 ± 0.04) × (0.03 ± 0.06) 152 ± 33 ...
ADF22B.8 22:17:18.66 +00:17:40.1 13.5 1.56 ± 0.11 (0.48 ± 0.07) × (0.25 ± 0.06) 12 ± 10 ...
ADF22B.9† 22:17:20.17 +00:17:35.4 13.5 1.33 ± 0.11 (0.34 ± 0.06) × (0.19 ± 0.07) 174 ± 21 ...
ADF22B.10 22:17:25.18 +00:18:05.8 10.8 1.49 ± 0.13 (0.31 ± 0.06) × (0.16 ± 0.08) 43 ± 19 2.319
ADF22B.11 22:17:19.23 +00:15:40.3 9.2 0.86 ± 0.08 — — 3.101
ADF22B.12 22:17:21.74 +00:16:04.2 9.0 0.81 ± 0.16 — — ...
ADF22B.13 22:17:18.07 +00:18:37.9 6.4 2.30 ± 0.31 — — ...
ADF22B.14 22:17:16.01 +00:17:04.8 6.0 0.43 ± 0.08 — — ...
ADF22B.15 22:17:18.88 +00:17:56.1 5.3 0.73 ± 0.18 — — ...
ADF22B.16 22:17:20.29 +00:15:54.1 5.1 0.44 ± 0.12 — — ...
ADF22B.17 22:17:26.48 +00:17:39.0 5.1 0.67 ± 0.13 — — 2.168
ADF22A Main Source Catalog
ADF22A.1‡ 22:17:32.41 +00:17:43.8 58.1 5.60 ± 0.13 (0.85 ± 0.04) × (0.33 ± 0.03) 82 ± 2 3.092
ADF22A.2 22:17:36.11 +00:17:36.7 31.8 2.02 ± 0.02 (0.29 ± 0.05) × (0.05 ± 0.11) 6 ± 21 ...
ADF22A.3 22:17:35.15 +00:15:37.2 27.0 1.89 ± 0.04 (0.45 ± 0.05) × (0.18 ± 0.08) 18 ± 20 3.096
ADF22A.4‡ 22:17:36.96 +00:18:20.7 26.6 1.95 ± 0.05 (0.25 ± 0.05) × (0.04 ± 0.11) 78 ± 9 3.091
ADF22A.5 22:17:31.48 +00:17:58.0 20.3 2.43 ± 0.20 (0.57 ± 0.06) × (0.26 ± 0.06) 29 ± 86 ...
ADF22A.6†‡§ 22:17:35.83 +00:15:59.0 19.1 1.45 ± 0.09 (0.38 ± 0.08) × (0.30 ± 0.14) 21 ± 64 3.089
ADF22A.7‡ 22:17:32.20 +00:17:35.6 18.7 1.65 ± 0.07 (0.32 ± 0.08) × (0.22 ± 0.10) 7 ± 53 3.097
ADF22A.8 22:17:37.11 +00:17:12.3 15.0 1.19 ± 0.06 (0.26 ± 0.07) × (0.18 ± 0.05) 84 ± 8 3.090
ADF22A.9‡§ 22:17:36.54 +00:16:22.6 12.8 0.82 ± 0.08 (0.28 ± 0.14) × (0.26 ± 0.17) 106 ± 89 3.095
ADF22A.10 22:17:37.10 +00:18:26.8 9.8 0.72 ± 0.04 — — ...
ADF22A.11 22:17:37.05 +00:18:22.3 9.5 0.79 ± 0.05 — — 3.093
ADF22A.12†‡§ 22:17:32.00 +00:16:55.4 8.8 0.63 ± 0.03 — — 3.091
ADF22A.13 22:17:37.42 +00:17:32.4 8.0 0.79 ± 0.05 — — ...
ADF22A.14 22:17:31.34 +00:16:39.6 7.5 0.98 ± 0.13 — — ...
ADF22A.15 22:17:32.77 +00:17:27.5 5.3 0.50 ± 0.08 — — ...
ADF22A.16 22:17:36.81 +00:18:18.0 5.3 0.56 ± 0.07 — — 3.085
ADF22A.17 22:17:37.69 +00:18:14.4 5.1 0.60 ± 0.09 — — ...
ADF22A.18‡⊲ 22:17:32.23 +00:15:27.8 5.3 0.44 ± 0.05 — — 2.105
Both ADF22B sources (this work) and ADF22A sources (Umehata et al. 2017a) are listed. (1) ID in this paper. (2) Right Ascension in the wcs system.
(3) Declination in the wcs system. (4) Signal-to-noise (S/N). (5) Integral flux density measured with CASA/IMFIT. (6) Deconvolved source size and
position angle via two-dimensional Gaussian fitting by CASA/IMFIT on the non-tapered map. Only sources with SNR>10 are listed, since relatively
low SNR hampers us measuring the size correctly. We note that the natural beam size for ADF22B is∼ 3× better than ADF22A and so the
measurements for formers may be relatively reliable (§ 3.3). (7) Spectroscopic redshift (zspec). The redshift information for ADF22B sources are
from our recentK-band spectroscopy taken with Keck/MOSFIRE (H. Umehata et al. in preparation). That of ADF22A sources are summarized in
Umehata et al. 2017a. †: SMGs which appears to be associated with LABs (Matsuda et al. 2004). ‡: SMGs with X-ray AGNs (Lehmer et al. 2009b) §:
SMGs with 870 µm detection (Alexander et al. 2016) ⊲: ADF22A sources selected from a 0.7′′ map (‘DEEP/HIRES’ map; see Umehata et al. 2017a).
The other ADF22A sources are selected from a 1′′ map (‘WIDE/LORES’ map).
mic large-scale structure, is one important parameter influenc-
ing the number counts of submm/mm sources. Aretxaga et al.
(2011) suggested that foreground galaxies and/or galaxy clus-
ters might elevate the (single-dish) source counts in the bright
regime (S1.1mm >∼5 mJy). Geach et al. (2017) also reported a
marginal (2σ) excess of SCUBA2 source counts in GOODS-
N, which encompasses a known proto-cluster at z = 4.1. Thus
number counts have the potential to indicate large-scale struc-
tures related to submm/mm sources without redshift informa-
tion. This viewpoint is also of importance in ALMA deep
surveys, which may be sensitive to remarkable (proto-)clusters
or, more generally, cosmic variance. In our previous paper
(Umehata et al. 2017a), we reported the excess of number
counts in ADF22A, which is undoubtedly caused by genuine
proto-cluster members (Umehata et al. 2015). The new survey
area, ADF22B, allows us to examine the source number counts
in a 3× larger area toward the z = 3.1 proto-cluster.
We calculated the cumulative number counts and errors
with a recipe presented in Hatsukade et al. (2016) and
B. Hatsukade et al., in preparation. As described in § 3.3, there
are seventeen sources above 5σ and all of them are considered.
We exclude other less securely detected source candidates since
vague thresholds can warp the intrinsic results and lead us to
over-estimate the counts (as outlined by Oteo et al. 2016 and
Umehata et al. 2017a). Since there is only one negative ‘source’
in the ADF22B map, the effect of false detections is not con-
sidered in this paper. The effect of the completeness and flux
boosting is corrected on the basis of our simulation, shown in
Fig. 3. Uncertainties in each bin are estimated by bootstrapping.
The results are shown in Fig. 4. As summarized in Table 2,
the ADF22B counts are calculated with the same bins used for
the ADF22A counts, as presented in Umehata et al. (2017a).
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Fig. 4. Cumulative number counts in ADF22 and other ALMA fields. Cyan
and blue filled symbols represent the counts in ADF22A and ADF22B, re-
spectively. Combined ADF22 counts are shown with red open circles. For
comparison, counts in blank fields (Hatsukade et al. 2016, Aravena et al.
2016, Oteo et al. 2016, Simpson et al. 2015a, and Karim et al. 2013) are also
displayed with black symbols. The flux densities of the counts are scaled to
1.1mm flux densities assuming a modified black body (S1.1mm/S870µm =
0.56, S1.1mm/S1.2 mm = 1.29). The grey curve is the best-fit function of a
double-power law for the counts in blank fields. The counts in ADF22 show
a factor of three to five excess compared to the best-fit function, which is
expected to be caused by z = 3.09 proto-cluster members.
Table 2. Cumulative number counts in ADF22.
Flux Density, S1.1mm Source, N(>S) Number Counts, N(>S)
(mJy) ( ×103 deg−2)
ADF22 (Combined)
0.40–1.00 32 8.4+4.2
−3.2
1.00–2.52 20 3.3+1.7
−1.0
2.52–6.34 1 0.18+0.42−0.15
ADF22B
0.40–1.00 15 7.7+3.7−3.7
1.00–2.52 11 2.9+0.8−0.8
2.52–6.34 0 —
ADF22A
0.40–1.00 17 9.8+5.0−2.2
1.00–2.52 8 4.1+3.4−1.4
2.52–6.34 1 0.5+1.2
−0.4
Source counts in ADF22A and ADF22B are combined, weighted by the survey
area. The 1σ uncertainties are from the bootstrap test for the ADF22B counts.
ADF22A source counts are from Umehata et al. (2017a). The flux bin minima are
plotted in Fig. 4 for all cases.
We combined the counts in ADF22A and ADF22B, weighting
by the survey area, so as to describe the overall counts across
the 20 arcmin2 ADF22 area.
While the source counts in typical environments as a gauge
to investigate the role of the large-scale structure on the source
counts, there are still uncertainties, especially in the regime
of S1.1mm <∼ 1 mJy where the counts can show up to a ∼1
dex deviation (e.g. Hatsukade et al. 2013; Aravena et al. 2016;
Hatsukade et al. 2016; Oteo et al. 2016, Fujimoto et al. 2016,
Mun˜oz Arancibia et al. 2017). In order to derive relatively re-
liable source counts in blank fields, we focus the counts from
Aravena et al. (2016), Oteo et al. (2016), and Hatsukade et al.
(2016) at S1.1mm <∼ 1 mJy, since they are relatively free from
cosmic variance or other biases (the first one utilizes calibra-
tor fields and the latter two use contiguous mapping), and use
only 5σ sources in a flux regime which should be not contami-
nated by false detections3 . Combined with bright source counts
from Simpson et al. (2015a) and Karim et al. (2013), these
counts are fitted to a double-power law function of the form,
N(> S) =N ′/S′[(S/S′)α+(S/S′)β]−1. This yields the best-
fit parameters of N ′ = 220± 40 deg−2, S′ = 4.8± 0.2 mJy,
α = 10.1± 1.7, and β = 1.7± 0.1). The counts in blank fields
and the best-fit function are also shown in Fig. 4. The flux den-
sities of the counts are scaled to 1.1mm flux density assuming
a modified black body with spectral index (β) 1.5, dust temper-
ature 35 K, and z = 2.5, if needed.
The combined ADF22 counts show a factor of three to five
excess at 0.4–2.5 mJy, compared to the best-fit function for
blank fields (Fig. 4). It is reported that at least 60% of the
ADF22A sources have zspec ≈ 3.09 and hence genuine proto-
cluster members should account for the excess in ADF22A
counts (Umehata et al. 2015; 2017a). Although the accurate
redshift of ADF22 SMGs are mostly unknown, two of them
have zspec = 3.09 (H. Umehata et al., in preparation, Table 1).
Thus the excess in the combined ADF22 counts is expected to
be similarly explained by the contribution from proto-cluster
members. The results therefore indicate the over-abundance of
dusty galaxies with high dust-enshrouded SFRs and elevated
dust production in the proto-cluster on a 10 (projected) comov-
ing Mpc scale. It is believed that abundant gas fueling via cos-
mic web filaments and/or frequent mergers in the center of the
proto-cluster is the of cause high SFRs, and the accelerated as-
sembly of stellar mass leads to the dust enrichment.
One aim of our expansion of the 1 mm survey area was to
investigate the transition of the level of dusty star-forming ac-
tivity across the proto-cluster. As we described above, the 3D
structure traced by LAEs (Matsuda et al. 2005) suggests that
ADF22A corresponds to the exact intersection of the filamen-
3 While Hatsukade et al. (2016) reported counts on the basis of a 4σ thresh-
old in their table, here we adopted the counts calculated only from 5σ
sources, which were shown in Fig. 6 in the paper.
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tary, large-scale structure (or “cosmic web” on 50 comoving-
Mpc scale) while ADF22B encompasses the surrounding area
(the “filaments” of the structure). As a result, the counts in
ADF22A and ADF22B fields are in good agreement gener-
ally and hence the environmental dependence within the proto-
cluster on this scale is not clear, while the overall ADF22B
counts may lie below the ADF22A counts (≈70–80%) at
S1.1mm∼ 0.4−2.5 mJy. While the brightest SSA22 SMG, with
S1.1mm ≥ 5 mJy, lies in the smaller area of ADF22A, this may
be due to small-number statistics.
Mapping a wider area of the proto-cluster and achieving a
complete census of spectroscopic redshifts will be crucial next
steps. It is also essential to understand the dust-obscured star
formation in blank-field environments, which is still insufficient
in many aspects. Wider and deeper contiguous mapping is re-
quired to derive number counts and luminosity functions cor-
rectly. Some recent and/or ongoing surveys (e.g. B. Hatsukade
et al, in preparation, and ALMACAL) are expected to push our
understanding more in this area.
4.2 ALMA SMGs and other rare populations
As in the case of SMGs, X-ray AGNs and Lyα blobs (LABs),
luminous, extended Lyα nebulae (LLyα >∼ 10
43 ergs s−1; e.g.
Matsuda et al. 2004), are known to be rare populations seen
in proto-cluster environments. Over-abundances of both X-ray
AGNs (Lehmer et al. 2009a; 2009b) and LABs (Matsuda et al.
2004; 2011) has been reported in the z = 3.09 SSA22 proto-
cluster and the connection to the large-scale structure has been
discussed. Additionally, the relation between SMGs and X-ray
AGNs/LABs has been of interest for years, to investigate the co-
evolution of galaxies and super-massive black holes (SMBHs)
in the early Universe and/or to search for a heating source to
generate the extended Lyα emission seen as LABs (e.g. Ivison
et al. 1998; Geach et al. 2009; Tamura et al. 2013; Alexander
et al. 2016; Geach et al. 2016; Hine et al. 2016; Umehata et al.
2017b; Ao et al. 2017).
Our contiguous ALMA map allows us to compare the po-
sitions of ALMA-identified SMGs with those of X-ray AGNs
and LABs over a 20 arcmin2 (71 comoving Mpc2 at z = 3.09)
area. There are five LABs listed in Matsuda et al. (2004) in to-
tal within ADF22 in total, three of which (LAB11, LAB12, and
LAB14) have SMG counterparts (see also Umehata et al. 2015)
and two (LAB25 and LAB35) appear not to be associated with
ADF22 SMGs. The variety of outcomes suggests that LABs
are not necessarily associated with a SMG, at least not at flux
densities bright enough to be detected in our map.
Alexander et al. (2016) reported the elevated mean SFRs of
X-ray AGNs located in the SSA22 proto-cluster core (up to a
factor of ≈4.3) compared to the field, using pointed ALMA ob-
servations, and suggested that the growth of (AGN-host) galax-
ies is on average accelerated in the core. Intruigingly, although
six ADF22A SMGs at zspec=3.09 have X-ray AGNs (Umehata
et al. 2015), none of ADF22B SMGs have a secure X-ray coun-
terpart. Assuming that a significant fraction of ADF22B SMGs
are at z=3.09, as discussed in § 4.1, this difference implies that
the relative growth rate between galaxies and SMBHs depends
on where the galaxies reside in large-scale cosmic structure.
4.3 Comparison between ALMA and AzTEC maps
While an ALMA mosaic is the only way to achieve high an-
gular resolution and high sensitivity, submm/mm surveys taken
with single-dish telescopes can map much wider areas. Linking
the two-types of maps is an important task. In this sec-
tion, we compare the ALMA view from ADF22 with that of
the AzTEC/ASTE map, where both surveys were deliberately
matched in wavelength at 1.1mm4. Here we investigate the re-
lationship between the two maps, focusing on multiplicity, com-
pleteness, and flux density accuracy.
Fig. 5 shows the 1.1mm contours and source positions of the
AzTEC map around the ADF22 field, compared to the spatial
distributions and flux densities of ALMA SMGs. The combined
ADF22 map supports findings based on the initial ADF22A
map in several points (Umehata et al. 2017a). First, multi-
plicity is significant, as claimed by previous follow-up stud-
ies of the single-dish sources (e.g. Ivison et al. 2007; Hodge
et al. 2013; Simpson et al. 2015a). Two AzTEC sources in
ADF22B have multiple ALMA SMGs within the 30′′ beam,
which means that five out of eight (63+37−27%) AzTEC sources in
ADF22 show multiplicity. There is also a possible dependence
on the flux density since the four brightest AzTEC sources
(S1.1mm,AzTEC ≥ 2.2 mJy) have multiple ALMA counterparts
in all cases.
Second, a number of moderately luminous ALMA SMGs
(S1.1mm,AzTEC ∼ 1− 2.5 mJy) are located outside the AzTEC
beam, though their flux densities are comparable to those of
ALMA SMGs within the AzTEC beam. Six ALMA SMGs
in ADF22B are found outside of the AzTEC source positions.
Such a large fraction of the missed ‘mJy’ population is also pre-
dicted by low completeness of the AzTEC source detection pro-
cedure (about 30% at S1.1mm,AzTEC ∼ 2 mJy; Umehata et al.
2014). This result shows that an ALMA mosaic is crucial, even
to obtain a complete picture of the ‘mJy’ SMG population.
As shown in Fig. 5, the number of neighboring SMGs in-
creases if we consider a slightly wider area than the AzTEC
beam (the 30′′ FWHM corresponds to ≈230 kpc at z = 3.09).
We have shown that such apparent pairs/groups of SMGs on
several hundred physical kpc scale is preferentially caused by
4 There is also a co-spatial SCUBA2 850 µmmap (Geach et al. 2017). Since
the difference in wavelength makes fair comparison difficult, we only focus
on the AzTEC map here.
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Fig. 5. The spatial distribution of the ALMA SMGs and AzTEC sources in the ADF22, including both ADF22A (Umehata et al. 2017a) and ADF22B. Filled
circles represent the ALMA SMGs, the size and color of which indicate their flux densities (red: S1.1mm > 5 mJy, orange: 2 mJy < S1.1mm ≤ 5 mJy, green:
1 mJy < S1.1mm ≤ 2 mJy, blue: S1.1mm ≤ 1.0 mJy). Black contours delineate the ADF22 field area, as in Fig. 1. For reference, source candidates in
supplementary catalogs are also displayed with light blue dots. Large blue open circles shows AzTEC sources (Umehata et al. 2014), the diameters of which
are equivalent to the beam FWHM of the AzTEC map (d = 30′′). Dashed black circles shows the 870 µm ALMA pointing in ADF22 (Alexander et al. 2016).
Gray contours represent the zero-level and 1.5, 3 σ of the AzTEC 1.1mm map (here we adopt a fixed value, 1σ = 0.7 mJy). The ALMA SMGs appear to show
a biased distribution which generally trace the sources and the diffuse, low-level emission in the AzTEC map.
physically associated pairs in ADF22A (Umehata et al. 2017a),
which is suggestive of similar situation in the ADF22B. A com-
plete census of spectroscopic redshifts will be necessary to con-
firm this relation across the ADF22 field. We also note that
diffuse emission in the AzTEC map appears to trace the dis-
tributions of ALMA SMGs below the 3.5σ source detection
threshold (Umehata et al. 2014). In the case of ADF22B, all
17 ALMA SMGs reside in area where the AzTEC emission
show positive values. The tendency suggests the utility of faint
AzTEC emission in identifying individual SMGs and evaluat-
ing dust-obscured star-formation activity, to a certain degree at
least.
For the eight AzTEC sources, we also check the repro-
ducibility of the AzTEC flux density from summing the flux
from counterpart ALMA SMGs. Fig. 6 shows the fraction of
the integrated ALMA flux compared to the deboosted AzTEC
source flux (i.e., the flux densities corrected for boosting effect
by random noise), considering only securely detected ALMA
sources within the AzTEC beam. Although there are large
uncertainties mainly from the AzTEC flux measurements, in-
cluding an uncertainty of intrinsic AzTEC number counts in
such a local overdense region, we cannot reproduce the AzTEC
flux densities in some cases. The median, SALMA/SAzTEC =
0.70+0.11−0.10 , is well below unity. We also measure a median ra-
tio of SALMAbrightest/S
AzTEC =0.52+0.18−0.13 (and S
ALMA
brightest/S
ALMA=
0.89+0.11−0.23), considering the brightest ALMA components. Thus
while brightest ALMA SMGs dominate the summed contribu-
tion from all ALMA SMGs on average, the discrepancy be-
tween ALMA and AzTEC fluxes suggests that there is contribu-
tion from additional sources (e.g. extended and/or faint compo-
nents). Since our untapered angular resolution is considerably
higher than we chose (or would ideally choose), the ADF22B
map is not sensitive to faint, extended emission.
One possibility to explain the discrepancy is the contribu-
tion from known galaxy populations which would have rela-
tively faint submm/mm emission. For instance, Decarli et al.
(2014) reported the detection of stacked 870 µm emission for
color-selected galaxies, such as distant red galaxies (DRGs –
for which, e.g., Knudsen et al. 2005 and Ivison et al. 2007
also report relevant stacking results), in the vicinity of ALMA-
identified SMGs in ALESS, though the survey was designed for
bright SMGs and so the sensitivity limit was relatively shallow
(Hodge et al. 2013). They also suggested that galaxies around
bright SMGs may tend to be brighter at submm/mm (but see
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Fig. 6. Comparison of the flux measurements in the AzTEC and ALMAmaps
for eight AzTEC sources (Umehata et al. 2014) located in the ADF22A
or ADF22B. SAzTEC shows the flux density of the AzTEC sources and
SALMA stands for the integration of that of the ALMA SMGs within the
AzTEC beam. The dashed and dot-dashed lines with shaded/hatched re-
gions show a median ratio of SALMA/SAzTEC and SALMAbright /S
AzTEC , re-
spectively (here SALMAbright shows the flux of the brightest ALMA source within
an AzTEC beam). For some cases the sum of ALMA fluxes cannot account
for the AzTEC flux, which suggests the additional contribution from extended
and/or faint components.
Fig. 7. The stacked ALMA 1.1mm image of 67 DRGs located in ADF22,
which is 10′′×10′′ in size. The result shows that the DRGs have flux density
S1.1mm = 0.13± 0.02 mJy on average, and hence such color-selected
galaxies in the vicinity of SMGs can account for some fraction of the AzTEC
flux.
also Wang et al. 2016).
In order to investigate whether such color-selected galax-
ies can account for the missing flux density for the AzTEC
sources in ADF22, we perform a stacking analysis utilizing
DRGs (J −K > 1.4 and K < 24; Kubo et al. 2013). As shown
in Fig. 5, a total of 81 DRGs are known in ADF22, fourteen
of which are individually detected by ALMA. We stacked the
remaining 67 DRGs at their Ks-band positions on the ALMA
maps, calculating the average flux density. Since the two maps
in ADF22A and ADF22B have different angular resolutions,
we smoothed the ADF22B map to match the ADF22A map (1′′
resolution). The resultant stacked image is shown in Fig. 7.
The flux density measurement using CASA/IMFIT shows that the
“1mm-faint” DRGs have a flux density, S1.1mm = 0.13± 0.02
mJy, on average. Considering the fact that multiple DRGs
without individual ALMA detection are generally encompassed
within the AzTEC beam (two sources per AzTEC beam on av-
erage; Fig. 5), the result suggests that such relatively massive,
color-selected galaxies may account for some portion of the
missed flux. For instance, two average DRGs, each positioned
roughly an AzTEC beam FWHM from an AzTEC source, may
account for≈ 30% of the missed flux density on average or pro-
vide a elevated median ratio (SALMA/SAzTEC = 0.82+0.07−0.16).
Thus our stacking analysis shows that color-selected galaxies
can contribute to the flux densities of single-dish sources, even
if they are not detected by ALMA individually at the current
sensitivity limit. We note that there are still other possibilities
such as faint submm/mm galaxy populations without optical-to-
NIR counterparts and extended dust emission.
5 Summary
The SSA22 proto-cluster at z = 3.09 is one of the most re-
markable and well-studied intergalactic structures in the early
Universe. In order to uncover dust-obscured star-formation
activity in the proto-cluster field, free from source confusion,
we have obtained new ALMA data covering a contiguous
13 arcmin2 region (ADF22B) at 1.1mm (band 6) towards the
core of the known proto-cluster. The 1.1mm continuum map
thus obtained has a typical 1σ sensitivity of 73 µJy beam−1
with a spatial resolution of 0′′.5. Combined with our previous
1.1mm ALMA map (ADF22A; Umehata et al. 2017a), the two
projects comprise a contiguous 20 arcmin2 ALMA map in the
SSA22 proto-cluster field (ADF22), one of the widest and deep-
est ALMA surveys to date.
We have obtained secure (> 5σ) detections of 17 ALMA
sources in ADF22B, making a total of 35 ALMA sources in
ADF22, when combined with 18 ALMA sources found in
ADF22A (Umehata et al. 2017a). The sources have flux den-
sities, S1.1mm = 0.43–5.60 mJy; if we assume the SMGs lie at
z = 3.09, this corresponds to IR luminosities, LIR[8−1000µm] =
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0.8+0.2−0.3 × 10
12–1.0+0.3−0.4 × 10
13L⊙ and to SFRIR = 80
+30
−40 –
1040+340−460 M⊙ yr
−1 (for a Chabrier IMF; considerably lower
if we adopt the top-heavy IMF suitable for distant, dusty star-
bursts – Romano et al. 2017; Zhang et al. 2018). The bright,
individual ALMA SMGs appear spatially resolved and have a
median major axis 0.27+0.05−0.12 arcsec (equivalent to 2.1
+0.4
−0.9 phys-
ical kpc at z = 3.09), comparable to those of ALMA SMGs in
blank fields.
The cumulative number counts in ADF22 show a factor sev-
eral excess compared to blank fields. This suggests that dust-
obscured star formation and metal production are enhanced on
a 10 comoving Mpc scale in the z = 3.09 proto-cluster, though
further follow-up ALMA spectroscopy is required to determine
robust SMG redshifts and thus associations with the intergalac-
tic structure.
A comparison between SMGs and X-ray AGNs show appar-
ent environmental variation within our survey. While SMGs are
frequently associated with X-ray AGNs in ADF22A, no exam-
ple of submm bright X-ray sources found in ADF22B, which
implies that the relationships between the populations may dif-
fer as a function of density.
The comparison between our ALMA and AzTEC 1.1mm
maps uncovers high multiplicity ratio of ALMA SMGs for an
AzTEC source (63%) and further local SMG over-densities
around AzTEC source positions. If a significant fraction of
ALMA SMGs in ADF22B are genuine proto-cluster members,
as is the case in ADF22A (Umehata et al. 2017a), then our re-
sults suggest that local SMG groups – on scales of several hun-
dred physical kpc – account for the elevated dust-obscured star-
formation activity seen across the proto-cluster.
The sum of the individually detected ALMA SMGs within
the AzTEC beam is not sufficient to account for the AzTEC flux
density, with a median flux density ratio, SALMA/SAzTEC =
0.70+0.11−0.10 . A stacking analysis of DRGs suggests that this par-
ticular galaxy population has an average flux density, S1.1mm =
0.13± 0.02 mJy, and that such submm/mm-faint populations
may contribute to the flux density of an AzTEC source, even if
they are not detected individually by ALMA.
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Appendix 1 Supplementary source catalog
in ADF22
Tentatively detected 1.1 mm sources in ADF22 are summarized
in Table 3.
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Table 3. Supplementary Source Catalog
(1) (2) (3) (4) (5)
ID R.A. Dec. S/N S1.14mm
[mJy]
ADF22B
ADF22B.18 22:17:14.95 +00:15:50:2 4.9 0.36 ± 0.04
ADF22B.19 22:17:20.81 +00:17:55:6 4.8 0.67 ± 0.13
ADF22B.20 22:17:22.07 +00:15:30:9 4.7 0.86 ± 0.16
ADF22B.21 22:17:18.94 +00:16:47:5 4.7 0.58 ± 0.12
ADF22B.22 22:17:18.12 +00:16:37:4 4.7 0.47 ± 0.10
ADF22B.23 22:17:25.49 +00:17:39:5 4.6 0.39 ± 0.10
ADF22B.24 22:17:21.46 +00:15:43:2 4.6 0.40 ± 0.10
ADF22B.25 22:17:29.85 +00:16:58:0 4.5 0.74 ± 0.17
ADF22B.26 22:17:20.15 +00:16:28:6 4.5 0.77 ± 0.16
ADF22A
ADF22A.19 22:17:33.87 +00:16:46.1 4.3 0.29 ± 0.06
ADF22A.20 22:17:34.69 +00:16:35.2 4.3 0.67 ± 0.09
ADF22A.21 22:17:33.09 +00:17:18.5 4.3 0.79 ± 0.08
ADF22A.22 22:17:32.96 +00:16:36.0 4.3 0.42 ± 0.07
ADF22A.23 22:17:35.47 +00:18:05.1 4.2 0.30 ± 0.06
ADF22A.24 22:17:37.43 +00:17:23.0 4.1 0.56 ± 0.08
ADF22A.25 22:17:33.81 +00:16:56.5 4.1 0.44 ± 0.08
ADF22A.26 22:17:33.19 +00:17:52.7 4.1 0.63 ± 0.07
ADF22A.27 22:17:37.18 +00:18:32.0 4.0 0.25 ± 0.06
ADF22A.28 22:17:32.50 +00:17:29.5 4.0 0.48 ± 0.08
ADF22A.29 22:17:38.35 +00:17:10.8 4.0 1.12 ± 0.11
ADF22A.30⊲ 22:17:32.19 +00:16:42.0 4.7 0.29 ± 0.09
ADF22A.31⊲ 22:17:34.97 +00:15:27.6 4.6 0.41 ± 0.12
ADF22A.32⊲ 22:17:34.08 +00:16:32.6 4.5 0.35 ± 0.12
(1) ID in this paper. (2) Right ascension in the wcs system. (3) Declination in the
wcs system. (4) Signal-to-noise (S/N). (5) Integral flux density measured with
CASA/IMFIT. ⊲: ADF22A sources selected from a 0.7′′ map (‘DEEP/HIRES’
map; see Umehata et al. 2017a). The other ADF22A sources are selected from a
1
′′ map (‘WIDE/LORES’ map).
